Temperature dependences of longitudinal and transverse dielectric permeability of KDP and DKDP crystals are studied at different values of hydrostatic pressure in order to determine the pressure behaviour of the isotropic point for these crystals. The isotropic point temperature in KDP crystals at atmospheric pressure is T i = 186 K at the measuring field frequency 1 kHz and T i = 176 K at the frequency of 1 MHz. In DKDP crystals the isotropic point is achieved at the temperature T i = 300 K ( 1 kHz) and T i = 253 K ( 1 MHz). The hydrostatic pressure increase results in the reduction of the isotropic point temperature with the pressure coefficients ∂T i /∂p = −4.3 K/kbar for KDP and ∂T i /∂p = −2.9 K/kbar for DKDP. The analysis of the experimental results in the framework of the Blinc-Žekš pseudospin formalism has shown a good agreement between the calculated and the experimentally obtained temperature of the isotropic point for KDP crystals.
Introduction
KH 2 PO 4 (KDP) and KD 2 PO 4 (DKDP) crystals above the temperature of the ferroelectric first-order phase transition are tetragonal, while in the ferroelectric phase they are rhombic [1] . The anomalies of dielectric permeability, related to the phase transition, are observed both along the spontaneous polarization axis and normally to it due to a specific mechanism of the phase transition in these crystals. Proton ordering at hydrogenic bonds in the ab plane causes the displacement of ions along the c axis and the spontaneous polarization.
The temperature dependence of longitudinal (along the spontaneous polarization direction) dielectric permeability of both crystals in the paraelectric phase obeys the Curie-Weiss law [2] . In the ferroelectric phase a shoulder is observed in this plot, related to the effect of domain structure freezing [3, 4] . The studies of hydrostatic pressure effect on the longitudinal dielectric permeability have shown that the increase of the all-round pressure causes the decrease of the phase transition temperatures with the coefficients ∂T c /∂p = −4.6 K/kbar for KDP and ∂T c /∂p = −2.4 K/kbar for DKDP [2] and the downward shift of the ε c (T ) curves in the temperature scale. At the pressure near 18 kbar, the phase transition temperature in the KDP crystal is zero and the value ∂T c /∂p tends to infinity, while the (p, T ) phase diagram of the DKDP crystal is linear. Such a behaviour of the pressure variation of the phase transition temperature in KDP crystals is related to the proton tunnelling effect, and the increase of the hydrogen atom mass in DKDP crystals sharply decreases the tunnelling probability [5, 6] .
The temperature dependence of transverse (normally to the spontaneous polarization axis) dielectric permeability in the KDP crystals at atmospheric pressure is given in [7] . At the phase transition temperature T c = 122 K, the dependence ε a (T ) reveals a step. Above the phase transition point in the paraelectric phase there is a maximum in the ε a (T ) plot. The similar behaviour of the dielectric permeability was observed for antiferroelectric KMnF 3 , NH 4 H 2 AsO 4 crystals [8] .
The specific feature of the anisotropy of dielectric permeability in the paraelectric phase of KDP and DKDP crystals is the presence of an isotropic point where the longitudinal and transverse dielectric permeability values are equal [9] . At this point the crystals become isotropic with respect to the dielectric permeability ε a = ε b = ε c . The aim of the present paper is to study the temperature dependences of longitudinal and transverse dielectric permeability of KDP and DKDP crystals at different values of external hydrostatic pressure as well as to trace the pressure behaviour of the isotropic point temperature. Figure 1 shows the temperature dependences of longitudinal and transverse dielectric permeability of KDP crystals at atmospheric pressure at the measuring field frequency 1 kHz (curve 1) and 1 MHz (curve 2). No dispersion of the transverse dielectric permeability at these frequencies has been found (curve 3). At the frequency of 1 kHz the dependence of the longitudinal dielectric permeability has two anomalies: a maximum of ε c (T ) at the phase transition temperature T c = 122 K and a shoulder in the ferroelectric phase in the temperature range from 91 to 122 K, related to the domain structure transformation [4] . At the measuring field frequency of 1 MHz a number of extrema is observed in the ε c (T ) plot in the vicinity of the phase transition point (curve 2). Such feature is the evidence of the piezoelectric resonance in KDP crystals [10] and cannot be related to the order parameter relaxation time tending to infinity in the order/disorder-type ferroelectrics since in this case one minimum at the temperature dependence of the dielectric permeability should be observed at the phase transition temperature. At room temperature the transverse dielectric permeability value is higher than the longitudinal one (see figure 1 ). The temperature decrease results in the increase of both values. However, the longitudinal dielectric permeability undergoes essential anomalous changes, its value sharply increasing while approaching the phase transition point. Therefore, at the temperature T i = 186 K (f = 1 kHz) the longitudinal and transverse dielectric permeability values become equal. The isotropic point temperature at the measuring field frequency of 1 MHz is T i = 176 K (see the insert to figure 1 ). At the temperatures T < T i the longitudinal dielectric permeability value exceeds the transverse one.
Results
The orientation dependence of the dielectric permeability, which is a tensor in an anisotropic crystal, is given by
where ε ij are the components of the dielectric permeability tensor, l i , l j are cosines of the angles between the direction in which the dielectric permeability is being determined, and the Cartesian coordinate axes corresponding to the tensor notation, respectively. Using equation (1), for tetragonal KDP and DKDP crystals, the cross-section of the dielectric permeability indicative surface by the ab plane in the principal axes, is given by
where ϕ is the angle between the direction in which ε is determined and the ferroelectric axis c. Using equation (2), the cross-sections of the KDP crystal dielectric permeability indicative surface by the ab plane were built. The temperature transformation of these cross-sections in the vicinity of the isotropic point is shown in figure 2. As it is seen in the figure, at the temperature T > T i the major semiaxis of the dielectric permeability tensor is directed along the a axis, at T = T i the longitudinal and transverse dielectric permeability values are equal and the indicative surface cross-section is circular, at T < T i the major semiaxis of the tensor is directed along the ferroelectric axis c. The temperature dependences of the longitudinal and transverse dielectric permeability of DKDP crystals at atmospheric pressure at two frequencies of the measuring field are given in figure 3 . As in the case of KDP crystals, there is no dispersion of transverse dielectric permeability in DKDP, and in the temperature dependence of the longitudinal dielectric permeability the piezoresonance effects are seen to be revealed at the frequency of 1 MHz in the vicinity of the phase transition (T c = 221 K) (see curve 2). The specific feature of DKDP crystals is a considerable dispersion of the longitudinal dielectric permeability. Therefore, unlike KDP crystals, the isotropic point temperature strongly depends on the measuring field frequency. At the frequency of 1 kHz the isotropic point is achieved at the temperature T i = 300 K, while at the frequency of 1 MHz the T i value is 253 K.
The behaviour of the temperature dependences of the longitudinal and transverse dielectric permeability under external hydrostatic pressure is illustrated in figure 4 (for KDP) and in figure 5 (for DKDP) . The all-round pressure is seen to result in the decrease of the phase transition temperature in both crystals and in the shift of the ε a (T ) and ε c (T ) dependences towards lower temperatures. This leads to the isotropic point temperature decrease in these crystals. For KDP crystal, the pressure 
Analysis
Using the pseudospin formalism [11, 12] , the authors of [7] have obtained the relations, describing the temperature dependences of longitudinal and transverse dielectric permeability in the paraelectric phase of KDP crystals:
where Γ is the tunnelling energy, J(0) is the dipolar interaction energy in the meanfield approximation, µ 1 is the dipolar moment along the c axis, µ 2 is the dipolar moment along the a axis, N = 10 22 cm −3 [7] is the hydrogenic bond concentration. Using equations (3), (4), one can obtain the value of temperature T i , corresponding to the isotropic point (χ a = χ c ):
Thus, the isotropic point temperature position in this model is given by four values J(0), Γ, µ 1 and µ 2 which can be determined from the temperature dependences of the longitudinal and transverse dielectric permeability of KDP crystal.
The analysis of equation (4) shows the existence of a kink in the ε a (T ) dependence, which is clearly revealed experimentally. The temperature of the kink point for the transverse dielectric permeability T f can be found from the condition ∂ 2 χ a /∂T 2 = 0:
Using equation (4) and taking into account the relationship between J(0), Γ and the phase transition temperature T c , given by [7] tanh
the unknown values of the tunnelling energy Γ and dipolar interaction energy J(0) can be determined knowing the experimentally obtained phase transition temperatures T c and kink points in the ε a (T ) dependence. The unknown value of the dipolar moment along the a axis µ 2 is determined from the experimental value of transverse susceptibility in the kink point of ε a (T f ). By substituting equation (6) into equation (4) one obtains
The dipolar moment along the ferroelectric axis µ 2 is determined based on the best fitting of the experimental dependence of the longitudinal dielectric permeability ε c (T ) by equation (3) . The experimental data for T c , T f , T exp i , ε a (T f ) and the calculated values of J(0), Γ, µ 1 , µ 2 for KDP crystal at different hydrostatic pressure values are given in table 1. In calculations, the regular part of the susceptibility χ 0 = 10/4π [7] was taken into account. As one can see, for these crystals there is a good agreement between the experimentally obtained isotropic point temperature and the value calculated according to equation (5) .
The unexpected changes in the theoretical parameters Γ and µ 1 with pressure were obtained (table 1) . While the experimental behaviour of the dipolar moment could be related to the existence of the tricritical point in the phase (p, T ) diagram of the KDP crystal at p ≈ 2 kbar [13] , the decrease of Γ with pressure disagrees with the common views [2] .
The absence of the kink point at the temperature dependences of transverse dielectric permeability in the temperature range under investigation does not make it possible to use the above calculation techniques in analyzing the pressure behaviour of the isotropic point in DKDP crystals.
Conclusion
Temperature dependences of longitudinal and transverse dielectric permeability of KDP and DKDP crystals were studied at different values of hydrostatic pressure and at two measuring field frequencies -1 kHz and 1 MHz. The isotropic point temperature in KDP crystal at atmospheric pressure is T i = 186 K at the measuring field frequency of 1 kHz, and T i = 176 K at the frequency of 1 MHz. In DKDP crystals, the isotropic point is achieved at the temperatures T i = 300 K (1 kHz) and T i = 253 K (1 MHz). The hydrostatic pressure increase causes the decrease of the isotropic point temperature with the pressure coefficient ∂T i /∂p = −4.3 K/kbar for KDP and ∂T i /∂p = −2.9 K/kbar for DKDP. The pressure variation of the isotropic point temperature for both crystals is independent of the measuring field frequency. The analysis of the experimental results has shown that in the framework of the tunnelling model in the molecular-field approximation, a satisfactory quantitative description of the temperature behaviour of the transverse dielectric permeability of the KDP crystal in the paraelectric phase can be obtained, as well as the temperature coordinate of the isotropic point and its dependence on the external pressure can be determined. However, unexpected pressure dependences of the parameters of the tunnelling model such as the tunnelling energy Γ and dipolar moment µ 1 were obtained. This is another evidence for the weakness of the tunnelling model for all-round description of pressure effects in KDP-type crystals. It has been shown in a number of papers [14] [15] [16] [17] [18] that an essential improvement of the theoretical description of the wide variety of the experimental data concerning the pressure effect on the physical properties of KDP-type crystals can be achieved with the account of short-range configurational interactions. Therefore, it seems important to perform further theoretical studies of the specific features of the temperature behaviour of longitudinal ε c and transverse ε a dielectric permeability in KDP-type crystals under external pressure, namely to analyze the obtained results in the framework of the proton ordering model with the account of short-range and long-range interactions and proton tunnelling at hydrogenic bonds in the four-particle cluster approximation [19, 20] . Such studies could provide information on the physical grounds for the experimentally observed features at the ε c (T ) and ε a (T ) dependences discussed in the present work.
